The influence of strong correlations on low frequency collective modes in a dusty plasma is investigated. The dust dynamics is modeled by the generalized hydrodynamics description. For the well known dust acoustic mode, strong correlations lead to new dispersive corrections, an overall reduction of the frequency and phase velocity and the existence of parameter regions where ‫ץ/ץ‬kϽ0. A novel result is the possibility of sustaining a low frequency transverse mode-a dust shear mode-in which the correlation energy acts as an effective bulk modulus. The influence of ion streaming and collisional interaction with a background of neutrals on the modes are also studied and it is shown that the longitudinal modes may be driven unstable by ion streaming.
I. INTRODUCTION
The physics of strongly coupled plasmas is of considerable interest because of its possible applications to white dwarf matter, interior of heavy planets, plasmas produced by laser compression of matter or in nuclear explosions and nonideal plasmas for industrial applications. It was pointed out by Ikezi 1 that a classical Coulomb plasma with micronsized dust particles can readily go into the strongly coupled regime, because, for the charged dust component the parameter ⌫ϭ(Z d e) 2 /aT d can easily be of order 1 or larger (Z d e is the charge on the dust grain, a is the intergrain distance and T d is the dust temperature͒. Recent experiments 2-4 have vindicated this prediction and have shown that in such dusty plasmas, the dust particles organize themselves into crystalline patterns. As the temperature of the dust is increased (⌫ decreased͒ the dust crystals ''melt'' and then ''vaporize'' so that one recovers the usual weakly coupled ideal Coulomb plasma. Thus experiments with such dusty plasmas give one an excellent opportunity for the study of transitions from the strongly coupled to weakly coupled regimes. In this context, a topic of considerable interest is how such a transition influences the collective modes in a strongly coupled plasma. Early work [5] [6] [7] [8] on strongly coupled one and two component plasmas has indicated that strong correlations significantly modify the dispersion properties of collective modes because of the development of short range order in the system. It is therefore pertinent to investigate the influence of correlations on collective modes in dusty plasmas. As is well known, dusty plasmas support a wide variety of collective oscillations which are analogous to collective modes in ordinary electron-ion plasmas. An example is the so called dust acoustic mode [9] [10] [11] which is an extremely low frequency compressive mode in which the dust particles provide the inertia and the shielding electron and ion clouds provide the thermal pressure effects. This mode has recently been experimentally studied in a variety of laboratory situations. [12] [13] [14] [15] [16] [17] In this paper we discuss in some detail the influence of strong correlations on such low frequency modes in a dusty plasma. We demonstrate that for the longitudinally propagating dust acoustic mode there are new dispersive corrections in the strongly correlated regime, an overall reduction of the frequency and phase velocity and the existence of parameter regions where ‫ץ/ץ‬kϽ0. We also show that in the strongly coupled regime a novel transverse shearlike mode can propagate in the dusty plasma in which the correlation energy acts as an effective bulk modulus. Finally, we investigate the influence of ion streaming and collisional interaction with a background of neutrals on the modes and show that the longitudinal modes may be driven unstable by the ion streaming.
The dynamics of a strongly correlated plasma may be studied by a variety of approximate methods. [5] [6] [7] [8] 18 We use the so called generalized hydrodynamic model ͑GH͒ which provides a simple physical picture of the effects of strong correlations through the introduction of viscoelastic coefficients. This phenomenological model is generally valid over a large range of the coupling parameter ⌫, all the way from the weakly coupled gaseous phase (⌫Ӷ1) to the strongly coupled liquid state (1Ӷ⌫Ͻ⌫ c ) and may even be used in the supercooled regime ͑beyond the critical ⌫ c for crystallization͒ as long as the plasma retains its fluid characteristics. The model breaks down in the crystalline state, where convection ceases and the formation of a lattice structure introduces additional symmetries. Typically, the viscoelastic coefficients are functions of the coupling parameter ⌫. When ⌫ is small and we are in the weakly coupled plasma regime, these coefficients simply lead to viscous damping of the collective modes. As ⌫ increases, these very coefficients give restoring force contributions related to elasticity effects.
The paper is organized as follows. In the next section we describe the model equations for the dusty plasma with a brief discussion on the GH model. In Sec. III we obtain the linear dispersion relations for both longitudinal and transverse waves and discuss their propagation characteristics in various regimes as a function of the coupling parameter ⌫. We also discuss the possible excitation of dust acoustic instabilities by ion streaming effects in a dusty plasma with a significant background pressure of neutrals. Section IV con-tains a brief discussion of some recent theoretical work in the area of strongly coupled plasmas and their relation to our work. Section V summarizes our results with a brief highlight of specific signatures arising from correlation effects which can be identified in experimental investigations. We also discuss the limitations of the OCP based estimates of the thermodynamic quantities and their possible impact on our results. We conclude with a qualtitative discussion on how to address the question of nonlinear propagation of low frequency waves in strongly correlated dusty plasmas within the framework of the generalized hydrodynamic model.
II. DUSTY PLASMA MODEL EQUATIONS
In the standard fluid description of dusty plasmas for studying low frequency phenomena ͑in the frequency regime Ӷkv Te ,kv Ti , where dust dynamics is important͒, it is customary to treat the electrons and ions as a light fluid which can be modeled by a Boltzmann distribution and to use the full set of hydrodynamic equations to describe the dynamics of the dust fluid. We will retain the same description for the electrons and ions ͑which are assumed to be in the weak coupling regime͒ but adopt the generalized hydrodynamic model for the dust dynamics. This is justified because when the ⌫ for dust is large the corresponding coupling parameter for the electrons and ions can still be small due to their higher temperatures and smaller electric charges. Thus for the electrons and ions we write, ␦n e,i ϭn 0e,0i e Ϯe/T 0e,0i , ͑1͒
where n 0e,0i , T 0e,0i correspond to the equilibrium densities and temperatures for the electrons and ions, respectively, and is the electrostatic potential. Note that the equilibrium densities n 0e,0i are related to the equilibrium dust density n 0d and dust charge number Z d by the charge neutrality condition,
For the dust dynamics we shall use the well known generalized hydrodynamic ͑GH͒ model equations. 8, 18 In this model, one essentially writes a generalized linear momentum equation for the dust fluid, viz., 
͑4͒
Combining ͑3͒ and ͑4͒ we may write the generalized hydrodynamic momentum equation as,
We may physically interpret this equation as follows: for solids and fluids the displacement/velocities are driven by forces which may be written as the divergence of a stress tensor, viz. ‫ץ‬⌸ ik /‫ץ‬x k . For a solid medium the stress is related to strain ͑i.e., ''displacement'' d ) through the bulk and shear modulii of elasticity, namely,
whereas for a fluid, the stress tensor is related to velocity gradients through bulk and shear viscosity coefficients, viz., 
the energy equation,
and the full set of Maxwell's field equations. Here ␦n d ,␦s and ␦T d represent the perturbed density, entropy and temperature, respectively, of the dust component.
The phenomenological GH model has been fairly successful in interpreting a large number of experimental results coming from light scattering or neutron scattering studies of liquid metals and other dense fluids and also in understanding several molecular dynamics studies. The theoretical basis of these equations ͑starting from fundamental kinetic equations͒ and various approaches for calculating the transport coefficients have been widely discussed in the literature and excellently reviewed by Boon and Yip in their monograph. 19 For our application we will make use of some of the standard results from the literature which have been obtained using either molecular dynamics simulations or various statistical schemes. To begin with, the viscoelastic relaxation time m is given by 8, 18 pd m ϭ
where
is the dust plasma frequency, ␥ d is the adiabatic index and d ϭ(1/T 0d ) ϫ(‫ץ‬P/‫ץ‬n) T ϭ1ϩu(⌫)/3ϩ(⌫/9)‫ץ‬u(⌫)/‫⌫ץ‬ is the compressibility 18 and uϭE c /n 0d T 0d . E c is the correlation energy which is the standard quantity that is calculated from simulations or statistical schemes and expressed in terms of an analytically fitted formula. The normalized quantity u(⌫) is called the excess internal energy of the system. Typically for weakly coupled plasmas (⌫Ͻ1),
In the range of 1р⌫р200, Slattery et al. 21 have given the relation,
where we omit a small correction term due to finite N ͑num-ber of particles͒. The dependence of the other transport coefficients, e.g., , and on ⌫ are somewhat more complex
and cannot be expressed in such a closed analytic form. However, tabulated/graphical results of their functional behavior derived from MD simulations and a variety of statistical schemes are available in the literature. 18 Typical values of *ϭ(
2 ) are ϳ1.04 for ⌫ϭ1, ϳ0.08 for ⌫ϭ10 and ϳ0.3 for ⌫ϭ160 ͑see for example Table V, been plotted as a function of ⌫. The fitted analytic results like ͑9͒ and ͑10͒ that we have quoted here are representative of standard one component plasma ͑OCP͒ studies using molecular dynamic simulations. Results pertaining to two component plasma ͑TCP͒ studies or Yukawa systems ͑YS͒ ͑screened Coulomb systems͒ are also available but the OCP results are the simplest to use and accurate enough for most of our calculations. However, there are occasions when the OCP model fails and these shortcomings as well as the corrections arising from the TCP or YS results are discussed later in the paper. We now proceed to obtain the linear dispersion relation for low frequency waves from the complete set of GH equations, in the next section.
III. LOW FREQUENCY MODE CHARACTERISTICS

A. Longitudinal waves
For longitudinal low frequency waves (Ӷkv Te ,kv Ti ), the linear dielectric response of the electrons and ions ͑which obey the Boltzmann law͒ can be simply expressed in terms of the susceptibilities i,e ϭ 1
where i,e denote the Debye lengths for the ion and electron species respectively. Ignoring dust temperature fluctuations for the present, the corresponding susceptibility function for the dust component can be obtained by Fourier transforming Eqs. ͑5͒ and ͑6͒ in time and space and is given by
where d () is as defined in ͑4͒ and v Td is the dust thermal velocity. Using ͑11͒-͑12͒, and introducing dimensionless quantities,
͑where aϭ(4n 0d /3) Ϫ1/3 is the Wigner-Seitz radius͒, the low frequency dispersion relation for the correlated dusty plasma can be written down as 1ϩ 1
The relaxation time m provides a characteristic timescale to distinguish two classes of low frequency modes-those with frequency Ӷ1/ m and those that have frequencies ӷ1/ m . The former are known as ''hydrodynamic modes'' in the OCP literature. We will consider both these limits and examine the behavior of the corresponding modes as a function of ⌫. In deriving ͑13͒ we have neglected contributions from dust neutral collisions which can be important in many experimental situations. This effect can be readily incorporated by replacing 2 with (ϩi dn ) in ͑13͒, where dn ϭ dn / pd is the dimensionless dust neutral collision frequency.
For m Ӷ1 ͑and retaining dn effects͒, the dispersion relation ͑13͒ simplifies to
can be readily solved for complex and real k to give
In the absence of correlation effects, dust thermal contributions and collisional terms, (*ϭ d ϭ dn ϭ0) , Eq. ͑15͒ describes the usual undamped dust acoustic mode in an ideal plasma ͑recall that is normalized to pd ). In the presence of correlations and dust thermal effects (* 0, d 0) but neglecting neutral collisions ( dn ϭ0), we see that this mode gets additional dispersive corrections to change its phase velocity through d and * terms. It also suffers a damping proportional to the viscosity * with the damping rate being given by ͑16͒. In the weak coupling limit (⌫Ӷ1), * reduces to the standard Navier-Stokes viscosity coefficient arising from collisional damping of the dust species and is inversely proportional to the dust collision frequency. Thus the damping decrement has a ⌫ Ϫ3/2 dependence in the weakly coupled regime. MD simulations confirm this behavior of * which continues to decrease as a function of ⌫ and displays a broad minimum in the region of 1Ͻ⌫Ͻ10 after which it begins to rise again. 18 Very close to the crystallization point ͑near ⌫ϭ⌫ c ) there is a sharp and very large rise in * which is attributed to a change in the momentum transfer mechanism in the presence of short range order. 22 In the presence of such large damping the hydrodynamic mode ceases to propagate in this region of large ⌫. Turning now to the changes in the phase velocity, we note that in the range 1Ͻ⌫Ͻ10, the d corrections can change sign ͓since u(⌫) is a negative quantity that increases with ⌫]. This has the interesting consequence that the dust acoustic dispersion curve can turn over with the group velocity going to zero and then to negative values ͑see Fig. 1͒ . The value of ⌫ at which this occurs can be estimated to be around 3.1. At higher k, Eq. ͑15͒ predicts an instability due to this negative contribution from d . However, as discussed in the last section, such an instability is an artifact of the OCP model and further refinements in the calculation of u(⌫) by taking into account two component plasma models removes this instability. 22 The dispersion relation ͑14͒ can also be used to solve for complex k and real in experimental cases where the mode is excited externally with a fixed frequency. 17 For this we rewrite ͑14͒ as
It is easy to see from this form that in the absence of correlation and thermal terms (*ϭ d ϭ0), the dispersion relation agrees with the standard hydrodynamic relation discussed for example in Ref. 17 . ͑19͒
In the kinetic regime, the dust acoustic mode does not experience the viscous damping of the hydrodynamic regime. Dissipation can arise only through Landau damping on the electrons and ions, which are of course not included in the GH model. The ⌫ corrections arise through u(⌫) whose estimates can be obtained from relations ͑9͒-͑10͒. These corrections once again lead to the turnover effect but the effect is weaker than for the ''hydrodynamic case'' ͓the coefficient of the turnover term is (1ϩ(4/15)u(⌫))] in the kinetic case in contrast to ␥ d d for the hydrodynamic case. The ''kinetic modes'' exist only in the weak coupling regime or in the very strong coupling regime where the condition m ӷ1 can be satisfied. This is because m which is proportional to * closely follows its behavior and is high in the weak coupling as well as the high coupling regimes. In the range of 1Ͻ⌫Ͻ10, m is of order unity and the kinetic condition cannot be satisfied.
B. Transverse shear waves
The GH equations show that a dusty plasma with strong correlations acquires significant ''rigidity'' to transverse motions and may therefore be able to support ''shear'' modes with (k•␦u d ϭ0 and kϫ␦u d 0). This is a novel behavior which is unlike normal fluids and arises only because of the strong correlations. If we take the curl of the dust equation of motion ͑5͒ and ignore for the present the ٌϫE contribution, we immediately get
Since kϫ␦u d 0 this leads to a dispersion relation which can be written in terms of the dimensionless quantities defined in the previous section as
The ٌϫE term that we have neglected introduces electromagnetic corrections due to the transverse currents produced by the dust motions. However, the dominant response of electrons and ions to such slow perturbations makes the coupling quite weak. In fact if we retain these corrections ͑by calculating the ٌϫE contribution from the Maxwell's equations͒ then the dispersion relation ͑21͒ is modified to
Since pd 2 Ӷ pe 2 ϩ pi 2 ͑due to the large mass of the dust grains͒, the electromagnetic corrections in the above equation are negligible and play no role in the propagation of the mode. This clearly demonstrates that the transverse mode being discussed is dominated by mechanical disturbances supported by the rigidity of the medium and is therefore a genuine low frequency disturbance which may be obtained in the electrostatic approximation. We therefore work with the dispersion relation ͑21͒.
In the hydrodynamic limit ( m Ӷ1), this dispersion relation yields a low frequency damped mode,
which is very reminiscent of a convective cell mode in ordinary plasmas. 
This is analogous to elastic wave propagation in solids with the correlation energy E c playing the role of the elasticity modulus. To estimate the frequency we can also express ͑25͒ approximately as 2 Ϸ(ka) 2 pd 2 /3. For kaӶ1 the frequency can be quite low ͑a fraction of the dust plasma frequency͒. Such modes have been seen in molecular dynamic simulations 23 and should be observable in experiments.
C. Ion streaming instabilities
A survey of the recent literature on experiments on low frequency collective modes in dusty plasmas indicates that most strongly correlated plasmas are formed in the presence of a large background pressure of neutrals. Physically, this is because the dust particles are readily cooled in such systems by dust neutral collisions and go into the regime of high ⌫ quite easily. It is therefore of great interest to investigate the properties of collective modes in a plasma with a significant background pressure of neutrals. Furthermore, it has recently been shown that in such collisional plasmas, the presence of ion streaming and ion neutral collision effects can lead to excitation of longitudinal dust acoustic waves 24 . We therefore consider the possible excitation of longitudinal dust acoustic waves in a strongly correlated plasma in which there is a significant background pressure of neutrals and the ion fluid is streaming with respect to the dust. The physical mechanism of such instabilities in a weakly correlated plasma has been described in an earlier paper. 24 Basically, for long wavelengths ͑such that k f is not much greater than C d /V thi , where f ϭ i pi / in is the mean free path and C d is the dust acoustic velocity͒ and in the presence of ion-neutral collisions and streaming effects, the ion susceptibility function is given by the expression,
where v i0 is the ion streaming velocity and in is the ion neutral collision frequency. Proceeding as in Sec. A, we may now write the dispersion relation for longitudinal dust acoustic perturbations in the form 1ϩ 1
where we have also included collisional momentum exchange of the dust with the neutral background as before, by replacing the 2 term in d with (ϩi dn ). Solving the dispersion relation perturbatively, we find that in the hydrodynamic regime ( m Ӷ1)
The expressions for I clearly show that the dust acoustic waves may be driven unstable when the component of streaming velocity along k viz. (v i0 •k)/͉k͉ crosses a critical value determined by the above equations. Note that the instability does not occur if v i0 is strictly perpendicular to k.
IV. DISCUSSION OF EARLIER WORK
Collective modes and screening in strongly coupled dusty plasmas with plasma streaming effects have also been considered earlier by Melandso. 25 He has pointed out the importance of wakes formed by electrons and ions streaming through a collection of dust particles and the influence of these wakes on the effective interaction potential between dust particles. It has been concluded that for sufficiently strong flows the Yukawa screening potential can be significantly altered and that crystal formation may occur at reduced values of ⌫. Melandso 25 has also investigated the possible excitation of phononlike lattice modes in the dusty plasma crystal by the electron/ion streaming effects and concludes that under certain conditions instabilities may occur. Melandso's work is relevant to relatively high values of ⌫ where the plasma has already acquired crystallike symmetries. He thus complements our work and approaches the wave excitation and solid-liquid melting transition from the solid phase side.
After completion of this work we have become aware of the related work of Rosenberg and Kalman ͑presented simultaneously with our work at the International Conference on Strongly Coupled Coulomb Systems, August 1997, Boston College 26 ͒ and of Wang and Bhattacharjee. 27 Rosenberg and Kalman 26 have used the so called Quasi Localized Charge Approximation to describe the strongly correlated dust component in the dusty plasma. In this approximation the response function is obtained by considering the dust particles to act as oscillators around localized mean positions which are diffusing slowly. In contrast to the generalized hydrodynamic model used by us, their treatment is valid only for wave modes with m Ͼ1. This is also clear from their dispersion relation ͓their Eq. ͑34͔͒ which can be expressed in our notations as
This agrees with our dispersion relation ͑19͒. ͑An additional term of k 2 d 2 in our dispersion relation is missing in the Rosenberg-Kalman work because they have neglected it.͒ For u(⌫) and the transport coefficients Rosenberg and Kalman use the results of the Yukawa model rather than the OCP model. However, these differences do not introduce any fundamental changes in the nature of effects discussed; our results for longitudinal dust acoustic waves in the kinetic limit m Ͼ1 are essentially in agreement. It may be pointed out, however, that strong coupling effects are more important in the hydrodynamic limit m Ӷ1 not considered by Rosenberg and Kalman. It may also be noted that these authors do not study the possibility of transverse wave propagation and the streaming instabilities.
The work by Wang and Bhattacharjee 27 is based on the ''generalized thermodynamic'' approach of Kadanoff and Martin 28 and investigates linear waves in a strongly coupled plasma in the hydrodynamic limit. In the high collisional limit their dispersion relation ͑29͒ can be expressed in our notation as
and can be appropriately compared to our dispersion relation ͑14͒. The Wang-Bhattacharjee dispersion relation closely agrees with our dispersion relation, particularly with regards to the damping contribution arising from the viscosity effects of strong correlations. However, their dispersion relation does not contain the ''dispersive'' contributions due to the compressibility term. This is because the Kadanoff-Martin model as used by them does not include the excess pressure contributions ͑arising from strong correlations͒ in the equation of state. As seen earlier this term can play a significant role at large values of ⌫ and is an important physical manifestation of strong correlation effects.
V. SUMMARY AND CONCLUSIONS
We have studied the propagation of low frequency waves in strongly coupled dusty plasmas. The dust dynamics has been modeled using the generalized hydrodynamics model which accounts for the dust correlation effects by means of generalized viscoelastic coefficients that are functions of the coupling constant ⌫. The principal effects on the dust acoustic wave propagation in addition to viscous damping are new dispersive corrections in the strongly correlated regime, an overall reduction of the frequency and phase velocity and the existence of parameter regions where ‫‪k‬ץ/ץ‬ Ͻ0. These effects are analogous to what has been predicted for ion acoustic waves propagating in strongly coupled electron ion plasmas. 8 A novel result for the strongly coupled dusty plasma regime is the possibility of sustaining a low frequency transverse mode that has no analog in the weakly coupled gaseous regime. This dust shear mode is similar in nature to elastic waves in a solid with the correlation energy playing the role of the elastic bulk modulus.
We will now briefly discuss some of the important physical effects that we have neglected in our simple model calculations and their possible impact on our results. One of the simplifying assumptions has been the use of OCP results in the estimation of the various transport coefficients and the relaxation time. The principal qualitative properties of the mode behavior that we have discussed here are not likely to change with the adoption of either the TCP or the YS results though there might be some quantitative variations in the magnitude of damping or frequency shift. The one exception is the region much beyond the turnover point in k where the dust acoustic mode group velocity changes sign. The OCP model wrongly predicts an instability here beyond a certain k which is an artifact of the OCP model and not a true thermodynamic instability. This has been noted before in the context of sound wave propagation in OCP and TCP plasmas and TCP corrections have been found to overcome this difficulty. 22 The Yukawa potential model takes into account the Coulomb screening effects, in this case due to the electrons and ions, on the dust particles. This is important when the ratio a/ p is significant and can become relevant in some experimental situations. We have neglected this effect.
Next, we would like to point out the implications of our theoretical results for experiments on dust acoustic modes in strongly correlated plasmas. The only experiment which investigates the longitudinal dust acoustic waves in the strongly coupled fluid regime is that of Pieper and Goree. 17 In this experiment, the neutral pressure was chosen large to facilitate cooling of the dust particles so as to access the ⌫ Ͼ1 regime. Unfortunately, the increase of neutral pressure also makes the dust neutral collision frequency dn ϳ, so that damping effects strongly influence the strong correlation effects in the dispersion relation. Ideally, to study wave dynamics in strongly correlated plasmas, one must get into a regime where ⌫Ͼ1 and dn /Ӷ1. It is only then that some of the strong correlation results obtained in this paper can be tested. We illustrate this with a few numerical plots of the dispersion relation ͑17͒. In Figs. 2͑a͒ and 2͑b͒ we plot Re(k p ) vs for various values of dn for both the strongly correlated regime and the weakly correlated regime. In the strongly correlated regime ␣ϭ␥ d d d 2 / p 2 Ͻ0 since d changes sign for ⌫Ͼ3.1 as discussed previously. The typical magnitude of ␣ for the parameters in the Pieper-Goree experiment are ϳ0.01. For the weakly correlated regime (⌫ Ӷ1, d ϭ1) we take ␣ϭϩ0.01 and the contribution from this term is then just the thermal dispersion correction. We neglect the dispersion contribution of the * term. As is clear from the figures, at low collision frequencies the two plots are very different whereas at collision frequencies closer to those in the experiments of Pieper and Goree the differences are washed out. This is because the modifications of the dispersion relation due to dust neutral collisions are much stronger than those due to correlation effects. Similar features are observed in Figs. 3͑a͒ and 3͑b͒ which show plots of Im(k p ) vs for various values of dn in the two regimes. Thus to distinctly observe the strong correlation phenomena one must perform experiments in the regime dn / pd Ӷ1. Rosenberg and Kalman 26 have drawn a similar conclusion for the kinetic regime m Ͼ1 where our results agree. We therefore suggest that alternative methods for getting into the ⌫Ͼ1 and dn Ӷ parameter space be explored experimentally so that one may look for the following signatures of strongly correlated plasma effects:
͑1͒ Modification of longitudinal dust acoustic wave dispersion relations in the strongly correlated plasma ͑both in the hydrodynamic and kinetic regimes͒. This may be done by plotting Re(k) and Im(k) vs as done by Pieper and Goree. 17 It may also be possible to plot Re() and Im() vs k for a system in which k is deter- mined by boundary conditions and natural eigenmodes are excited by suddenly disturbing the plasma and letting it relax towards the quiescent state. ͑2͒ New transverse shear modes at the low frequencies where dust dynamics is important. ͑3͒ Effect of ion streaming on the stability of longitudinal dust acoustic waves in a collisional plasma with a background pressure of neutrals.
Finally, we would like to address the question of nonlinear propagation of the low frequency waves in the strongly correlated regime. There is extensive work on the study of nonlinear propagation of longitudinal dust acoustic waves in a weakly correlated plasma. It has been shown that in the weakly nonlinear regime the nonlinear wave packets are described by the well known Korteweg DeVries ͑KdV͒ equation u t ϩuu x ϩu xxx ϭ0. ͑33͒
This equation supports the propagation of solitons which are nonlinear dispersive wave packets that propagate undiminished over long distances and preserve their shape and size even through collision events with other solitons. It has also been shown that if one incorporates effects due to viscosity coefficients in the weakly correlated regime, then the nonlinear propagation is described by the KdV Burger's equation
The presence of the viscous terms prevents the formation of the solitons and instead leads to the formation of shocklike solutions with a typical ringing behavior on the downstream side.
If one desires to extend these theories into the strongly correlated regime one must find an appropriate extension of the GH equations into the nonlinear regime. For longitudinal propagation Frenkel 29 has suggested a nonlinear equation of motion of the form
The other equations can be readily generalized in the standard manner and an investigation of the nonlinear dispersion waves attempted. Our preliminary investigations have shown that the resulting equations in the strongly correlated regime are significantly different from the KdV equation and can lead to novel behavior in the propagation of nonlinear wave packets. Detailed results of this analysis will be presented elsewhere.
